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HOBMDME PWHyiCATyOW BY ISOEiaCTRlC FOCUS IWG » SPACE 
NASA COMTRIVCT NAS8-329SO 


A ground-basad prototype of an apparatus for Recycling Isoelectric 
Focusing (RIEF) was designed and Constructed during the first year of 
this Contract. The apparatus was cossplssMnted by a Multiplexed QV and 
pH Electronic Data Acquisition System (MEDASl. Both of these were 
described in details in the pertinent report to NASA and publications in 
the scientific literature. The present report will review the aubse> 
quent efforts under this Contract. Two main objectives were pursued: 

1. Ttie evaluation of the performance of the RIEF apparatus in 
ground-baised operation. Special consideration has been given to the 
effects of gravity on its function and the determination of potential 
advantages deriveable frcm its use in a siierograivtty envlironnent. 

2. Oevelopnent of a th^retical model of isoelectric focusing 
(lEF) using chesilcally defined buffer systems for the establishment of 
the pH gradients. This model was transformed to a form suitable for 
coagmter simulations and used extensively for the design of experlsMntal 
buffers . 

/ 

These two aspects of our work are revie%ired separately in the 
present report. The review will be brief, as the most significant 
aspects of the work were pi^lished. 'Rie pertinent reprints are enclosed 
in the Appendix. 
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A. APPARj^TOS PEBfOMflttWE 


X. HITRMKICTKai 

Elactxophoraals of blologloal matarlala without th« latorforonco of 
gravity aay bacooM an Intaraatli^ and possibly significant usa of orbiting 
spacacraft (1). Elactropborasis is dafinad as tha trani^rt of alactrically 
chargad spacias undar tha influai^a of a diract currant alactrical 
fiald. Bacausa of its singular usafulnass for tha analysis and saparation 
of con%>lax protain sdxturas a nuabar of <% 1 -. ctrophoratlc tachniqpias hava 
baan davalopad (21. An assantial fimtura of thasa is tha nacassity to 
•tabiliza tha liquid zMdiua against gravi^-^brivan eonvactiva flows, 
lha aicrogravity anviroxamit of oriditing spacacraft providas an altemata 
naans for avoidance of convection. This has baan verified in pilot 
azpariaants conducted aboard the Skylab, ^ollo 16, and Apollo-Soyuz 
space aissions (3-7) . 

Isoelectric focusing is a particularly powerful variant of electro- 
phoresis, in vAuLch the separation is carried out in a pH gradient. Tha 
proteins migrate, i.e., focus, to the pH r«sgion corresponding to their 
isoelectric point, idiare they become Inmobilized due to zero net charge. 

The isoelectric point of a protein is a rather characteristic paraswter, 
and analytical lEF can resolve proteins differing by only 0.01 pH units. 

Tha pH gradient is established 'naturally', through the focusing of 
appropriate buffer mixtures, usually cooiDercially available mixtures of 
carrier anqpholytas, marketed under a variety of tradenames, such as 
Ampholine. 

The objective of our project is the development of new technology 
for large scale purification of peptide hormones, proteins and other 
biologicals, with particular «iq>hasis on the possible usefulness of tha 


microgravity •nviroiaMnt. Tha basis of this technology was ths dsvslofBsnt 
of a novel type of focusing apparatus (RIBF) utilising a unique recycling 
principle. In the ground-based prototype of the apparatus (8), fluid 
stabilisation is accomplished by * parallel array of filter elmaents. 
assuring laminarity of flow. •Shm apparatus has been oosqplesMnted by a 
cos^uter controlled autosated data ac^.sitlon system (MBDhS). It 
pesnlts not only data acquisition in real time, but can be also used for 
feed-back optimisation of the sei>aration process. 

Paralleling this Instrument development effort, extensive computer 
modeling of electrophoretic processes was deemed necessary to provide a 
better understanding of the underlying phenoBwna (8, 10) . Ihls work is 
reviewed in a later section of this report. 

The grouxxd-based apparatus has proven to be quite useful in its own 
right. A multitude of sanples has been processed, most of which were 
supplied by researchers from industry as %#ell as this and other academic 
institutions, thus representing particularly difficult separations. 
Nevertheless, some deficiencies of the ground-based apparatus have 
become apparent. Briefly summarised, these are related to the use of 
the parallel array of filter elesmnts for fluid stabilisation, which may 
be avoidable in a microgravity environment. We plan to pjropose pilot 
eiqperiments designed to clarify some critical parameters needed to 
permit the evaluation of the feasibility of filter-free operation. 

These ei^riments ^ould be developed for Inclusion in one of the 
forthcosiing Shuttle flights. 

II. APPARATUS 

The RIEP apparatus, in its present ground-based configuration, is 
presented schematically in Tig. 1. The apparatus is of modular design. 




Fig. 1. Schematic presentation of the recycliztg isoelectric 
focusing apparatus UllEF). For es^lanation see text. 

peznitting easy interchange of parts and scaling to appro p riate 
volumes. The protein-containing solution to be fractionated is recycled 
through a multicoo^tartaaented focusing cell and a multichannel heat- 
exchange reservoir. In each pass tharough the focusing cell, some sd.gration 
of proteins towards their isoelectric point is obtained, thus reeguili- 
bzating the contents of the reservoirs. Finally, a steady state distri- 
bution of proteins is achieved, each protein having migrated to the 
reservoir closest to its isoelectric point, '^e Joule heat is dissipated 
in the heat-exchange reservoir, idilch also provides most of the fluid 



capacity o£ tha lastrraMnt. this aattod of cparatlon pazmits tha hypotha 
tlcal icallng of tha capacity of tha aj^paratus to any dasirad volTzaa, as 
tha two critical functions of protaiji saparation and haat dissipation 
hava bMn j^ysically s^aratad. 

Tha kay moponent of tdia apparatus is tha focusing call. It 
c<ai^rlsas a nuabar of parallel narrow chaniMls, saparatad fren aach 
othar by filtar alsstants. Thasa elemants insura tha flow of tha 

procass fluid but ^ not ln^>ada tha protain aigration. Tha alactrodas, 
locatad at tha ands of tha Channal aassadbly, ara s^iaxatad frem it by 
ion-axchanga aeabranas. Racycling is acco^plishad by aaans of a aulti* 
channal peristaltic tubing puaip. Tha haat-axchangar coaprisas a sariaa 
of glass rasarvolrs, aach oosnnnicatlng with its corraspondlxig cttmaoMl 
in tha focusing call. 

Tha apparatus is cos^laiBentad by imltiplaxed arrays of autcoated ^ 
and ultraviolet absorpti^ sensors of our own design (MEDhS).. Thasa ara 
under tha control of a Hawlatt^Packard desk top cenputer. Tha cottar 
scales and nuiwrically calibrates tha sensors > analyzes tha data statis- 
tically and can provide simple logic decisions. For calibration, two 
standard solutions of known pH and W absorption ara utilised. During a 
run, all channels of the apparatus ara scanned at preset tim intervals, 
usually 5 ain. , and each data point is actually an average of 25 siaasura- 
ments taken within a fraction of a sacojul. While not essential for tha 
functioning of tha HISF, thasa sensors psrovide docraentatlon of tha 
saparation procass in real tiae, tha data being displayed graphically on 
a Hewlett-Packard plotter. In addition, tha cenputer can be utilized 
for feed-back ration of tha saparation, by regulating tha with- 

drawal or addition of IMif faring fluids. 


ZIX. APPAWiTOT PBRFOKMAMCI 


Th« capAoity of tho •pparatu is govomod by ths holding voIvbm of 

ths hsst-sxchsngsr, whilo ths rsto of ssparstioa is s function of ths 

sffsctivs oross*ssetionsl srss of ths focusing csll and ths applisd 

po«fsr. Ths aoAilar dssign of ths apparatus pszaits rsady intarchangs or 

scaling vqp of sithsr of thsss eos^nsnts. Focusing calls of cross* 

2 

sectional arsa ranging fconi 1 to 100 cm havs bssn iztilizsd, and further 
increase in arsa is feasible. These have fractionated up to 10 liters 
of protein solution in a few hours. The usual separation reqpiires only 
1-2 hrs, longer runs being necessary for larger vo1«ms or higher reso- 
lution. Nhile usually only ten channels are utilised, for sobm high 
resolution separations 20 channels were found to be sore effective. In 
contrast, for the isolation of Ismnoglobulins frost nilk whey proteins, 
a three channel apparatus was found to be quite sufficient. Moreover, 
recycling is not essential, but' contln\K>us throughput could bo achieved 
by- a cascading series of several focusing cells. 

The resolution achievable is aainly a function of the broadness of 
the pH gradient, buffer concentration, and sanple coaoposition. Osually, 
the pH gradient is established through the use of Asipholine or other 
coBuercial carrier as^holytes. Nhile these are available in various pH 
ranges, they can readily be subfractionated in the RZZF apparatus, 
providing very narrow pH raxige buffering solutions for highest reso- 
lution. In addition, resolution can be improved by withdrawal or 
addition of buffering fluid durii^ the focusing process. The cosputer 
can be instructed to analyze either the pH or the ultraviolet absorption 
data and regulate an auxiliary posp to withdraw, or add fluids, until 
the desired value of pH or absorption is reached in a given channel. 
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ORIGINAL PAGE 

black and white photograph 





ORIG. 123456789 10 ORIG. 

pH: 6.08 7.28 7.49 7.60 7.71 7.81 7.90 8.00 8.21 9.18 


Fig. 2. Photograph of an analytical focusing gel presenting the 
ten RIEF fractions from a sepairation of clonotype rabbit antibodies 
to Micrococcus lysodeikticus • The original antibody mixture was 
also applied to the gel. Two major amtibody components were 
clearly isolated. 

Commercial carrier ampholytes are amphoteric polyelectrolytes 
produced by random polymerization of acids and polyamines. Thus, they 
are chemically ill-defined and their use results in contamination of the 
pxirified protein. A major effort has been made, therefore, to develop 
carrier buffer systems utilizing chemically well defined components, 
i.e., monovalent buffers, or simple an^Jholytes such as amino acids and 
dipeptides. For this purpose, it was first necessary to develop a 
computer model predicting the concentration distribution of these 
components in lEF, and describing the resulting pH amd conductivity 
gradients. This model is fully described in a later section of this 
report. The predictions of the model have been verified in numerous 



«qpMTiarata aad bar* b««i found aoot vuMfnl for tte dMlgn of optlalMd 
boffor ■Ixtaroa tcx qpoolfla appUoationa* ta MPrmgml InstanoM# tbm 
roMltttim iflth ovob oaatou^aign^ bofforo um ou p orlor to 

that d»tainabla with coaMrolal oaxrlar m^olytaa. 

Xt ia not within tha purviaw of thia rqpMrt to rawiaw all tha 
ai^ariaontal fractionationa wa hawa earriad out. hathar, tha photograph 
praaantad in Fig. 2 ahowing tha fractionation of clonotypa rattit 
antibodiaa to Niorocoocua lyaodaiktiooa will anffica to daaenatnta tha 
affaetivMaaa of tha itlEF apparatna. fha protain aelutionf eontrihutad 
by Dr. L. S. Rodkay and S. Binion of Xanaaa Stata Univarai^f waa 
fraetimiatad in tha RIBF apparatus^ and tha fraotl«ia obtainad analyaad 
by convantimial analytical XEF in thin Ijyars of polyacxylaadda gala. 

It ia awidant that a vary narrow cot of antibodiaa haa baan iMlatad. 
Similar aaparaticma hava baan earriad oat mi wariooa anaymaa, pqptida 
hoxBonaa, intarfaron, baanglObina, blood and milk j^rotaina, ate. As 
pravioosly stated, moat of these saaplaa ware fomiah^ by ootsite 
collaborators and r^raaentad rather difficult s^arations. 

IV. (awowsK^ 

Tha iaportanee of protain purification tachxiology has aoguirad a 
new diuMsion as a result of the recant a^awamants ia tha field of 
genetic MigiiMaring. Racembinaat SKA tachaiguas hava resulted in the 
production, through bacterial far«»entation, of scow biologieala of aajrr 
pharmaceutical iaqportanca, such as insulin and intarf«rra. Rybrldoma 
techniques have provided another series of important biologieala, tha 
aonoclMial aatibodias. m both ta^iniqiMS, hewa v a r , tha desired product 
is cMitTmiaatad by proteins derived from tha host Mrganiam, the bacterial 


e«ll ot th« aeoM e«llf rMpaetlTtly. TIm pnrlfleatien of tho 

doolrod protoia i« ••MRtlol if it is to bo taood os o phoaMooutiool, 

•ad this io oftoa • aoot laboriotto taolu h otollar oitoatiMi )pr«fvailo 
ia tbo ^odttctiOB of poptido hoMoaoo thxoo^ oolid phaoo oyatbooio. 
laooapioto roMtioa at oariooo ot^ps In tto oyatbotio prooaoo oorolto in 
tba pwdi »ti«a of analogiMO which aoy hawo aatagmiotie prapartiao and 
which aaot to aiiainatad. 

In gMaral, pi^ificatioa io aeoe^pli•bad by tba artful oaqu an ci n g 
of wariooo foaeti«Aal praeipitatimi proeaooaOf duroaatograpbio tachniquao 
and affinity oMtbedOr For quality ooatxel ia ooxificatioa, bo wawa r # 
only alaetxophoratie taebalqaao eaa prorida ebjaotlTa ovidaaea of 
parity, dua to tbair ouparior raoolutioa. fbao, thara hawa bam nu ao rou o 
afforto to dawalop alaetropboratie iaatnaaato ouitabla for largo oeala 
praparativa porpeoao. Two aain obotaolao to tba ogl i n g yp of tbMo 
iaotruoMito hawa bam aaooaataradt tba naad to dioaipata tba Joola toat 
ganaratad by tba alactrical currant, and tba appurant naad to otabiliaa 
tha fluid coltam againot conwactioa dioturbajwao. Ao a raoult, alactro- 
phoraoia io otill Hof tad to analytical ox aiCTOprapantiwa ^licatimio. 

Tha prawiouo liaitationo to tha scaling op of ala ctr qpho rat ic 
procaooao haws bam oyare o a a in tha kZEF apparatno. It rapraomta tba 
firot prto*totiwa apparatno howlag both high raoolutioa aad hi(^ wolma 
tbrou^iput. Thuo, wo fml that it fulfillo an loportmt raquirmmt of 
Bodara protaia purificatim taehnelogy. In fact, tha KHF apparatus has 
bam in tor p om tad ia a pilot plant for tbo parifl^-ation of a baaaa 
iatarform ^oA^ad using racoabinant OHb t a chn i qaas 1^ tba Seharing 
COrp. of Uooitfiald, H.J. 

Bwm tt'oi^ affoctiwa, too gxouad-baood prototypa has sono Haitationo, 
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aAittly dM to tiM nooMOlty of utiUtiag tho fUtor oImnuco fear tho 
•tobilisotloft of flow through tho opporotuo. Irlofly maMurisod* 

thoeo orot 

1. Tho filtvor olwMto gonoroto oa oloetrooawtle prossuro grodloat 
botwooa ottoeosoivo RHP ooaportMuita. Thlo grodloat emisofl book-flow of 
fluid, thus eoufiag loos of rooolutlTO. 

2. This filtor-c o u o o d oloetroosjdooio is hi^tly ui^rodlctablo os 
it Urgoly dopmds oa tho ^po of protoia prosMt In tho systow. This 
is duo to odsorptioa of protoiao on tho surfoeo of tho filter notoriol. 

In oortoia eosos (Arwour RCTH and boctoriophogos) , this odsorptlcu was 
sufficimt to couso sorloao loss of soluto boing frootionotod. A noahor 
of difforoat filter olooMats bos booa iawostigotod to fiad tho least 
adsorptive onmm, and at prosoat wo usually use aonofilaaeat serosas of 
nylon, «rith a n ead n a l porosi^ of ft aicrons. Overall, those have given 
us tho least oloctroosaosis, but aro still far freai being perfectly 
satisfactory in all systoaw. 

3. Many proteias toad to preeipitate at their Isoeloetrie point. 
Precipitation can be avoided by tho addition of high ooneeatratioas of 
urea, but this nay cause loss of biolo g ical activity of som proteias 
duo to denaturatioa. Za such a ease, RHP fraetionatioa is aot possible. 
Par aoro oftoa, h oweve r , there is only a sligd^t precipitation, which 
would not affect the fractionation, except that it eay cause fouling of 
the filter oleaMnts. This acemtuates eleetroosBoaia and causes frequent 
abortion of eaqperisents. 

Niccogravity eay provide an alternative apprea^ to RHP fractimiation 
by sttspMding the need for the filter eleueats. Kllai nation of these 
elesmits 


A_ 


in th« pr«s«ne« of torrostrlal gravity Inavltably raaults in drastic 
convaction and rapid sdxlng of the sai^la. 

Savilla CU) has davalopad a cooputar nodal analyzing fluid stability 
in continuous flow alactrophorosis instmnants. Vhis nodal pradicts tha 
obsarvad fluid instability in instrunants of sisillar daslgn as tha RIEF. 

It also pradicts that thasa instabilitlas nay be alinlnated in a aicro- 
gravity environnant. 

Unfortunately, the operation of electrophoretic apparatxis is 
influenced not only by gravity-caused convection, but also by gravity- 
independent electroosnosis. Electroossiosis is caused by the electrical 
charge of the nedlum vithln tdilch electrophoresis is carried out, this 
cheurge causing a flow of' in.uld usually in a countercurrent direction to 
the sas^le migration. One needs to differentiate between two types of 
electroosnosis: 'wall' electrooaBOsls is caused by the charge of the 

walls of the vessel, while 'porous plug' electroosnosis is caused by the 
presence of any porous obstruction in the nigrating pathway. The filter 
elements in the RIEF cause the porous plug type of disturbance, but seen 
to abolish the wall effects. By elininating the filters, the wall 
effects may becone dominant. 

An aulaptation of the Seville model to continuous flow lEF has shown 
the particular vulnerability of ISF to electroosnosis. During focusing, 
the mobility of proteins asyiqptotically approaches zero, ^dille electro- 
osmosis does not. Ihus, a disruption of the focusing process may result. 

Electroosnosis is readily measurable in systems with uniform buffer 
composition. This is not the case in lEF, which is characterized by a 
continuous pH gradient. All grourd-based methods for lEF require fluid 
strhilization against convection, which simultaneously suppresses wall 
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•IsetrooMtosls m Ihua, no Myriaonf 1 dato aro arvmilabla on the 

extent of electrooaaosla In lEF. The aderogravity envlxonnent provides 
the unique possibility of elininating gravity-driven convection without 
affecting electroosaosis . 

In the coaing prograa year we plan to develop a rather siople 
experissmtal apparatus to separate the effects of gravity and electro- 
osaosis aboard a Shuttle flight. A series of focusing colians (0.25" x 
2") will be loaded %rith two colored proteins, hemoglobin and blue- 
stained albumin, and photographed at predetermined time intervals after 
application of a d.c. field. The coliaans will differ in the method used 
to sv^press electroosmosis . It is hoped that this apparatus will be 
included in a forthcoming Shuttle flight and will provide the crucial 
information as to the feasibility of contini»ms flow focusing in space. 
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COMPUTER SZMUIATION STUDIES 


I. INTRODlKrriON 

Iso«l«ctrlc foctMlng (lEF) is wldsly used for the snslysls of 
proteins because of its exquisite resolution. lEF is based on the 
electrophoretic transport of ao^hoteric sanple ccnqonents to their 
respective isoelectric points ^IL in a stable pH gradient. Svensson 
(1, 2) was the first to show the usefulness of lEF, by generating stable 
pH gradients through the focusing of a cenplex bufferixtg nlxtnre of 
polyaaino^polycarboxylic acids. This buffer was synthesized for this 
specific purpose by randan polymerization C31 emd introduced cosmerclally 
by LXB ProduJcter of Braasiia« Sweden, under the trade name Ampholine. 

Svensson (1^ also developed the theory of XEF of a protein sample 
assuming the pre-existence of a stable linear pH profile and uniform 
conductivity. Ampholine-generated pH profiles approximate these as- 
sun^tlons fairly well. However; the effectiveness of Anphollne has, in 
some sense, stymied the development of theories dealing with the establish- 
ment of the pH gradient, since the ccmposition of Ampholine is unknown. 

Aapholine and other sistilor commercial buffers are excellent for 
analytical purposes, b ^e unacceptable for mai^ preparative tasks as 
they result in contasilnation of the purified p>roteln by a chemically and 
biologically ill-defined mixture. Thus, there have been msserous em- 
pirical attempts to develop stable pH gradients using mixtures of chem- 
ically well-defined amphoteric or non-asphoteric buffers (4-9) . These 
efforts were largely unsuccessful, due in part to the absence of a 
readily applicable theory dealing with the establishment of the pH 
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profll*. Th* only thoorotlenl trontaMnt of th« pxobl« Is that of 
Alagran 0.01, bat sons of his slspllfylag assuaptions prsaant tho use of 
his Bodel In practical sltoatlons. 

Our Interest in a more adequate theory of steady state lEF was 
stiaolated by the developaent of the RIEF apparatus, described in the 
first section of this report. The apparatus has overcame previous 
limitations on the quantity of material that can be processed by lEF, 
thus conveying a new degree of urgency to the development of chsa.^cally 
well-defined buffers. It was felt that an enq>irical approach would be 
no more successful than those of prior researchers and that a better 
understanding of the underlying phencotena was essential. 

A major effort was undertaken to develop and apply a theory de- 
fining the steady state characteristics of pH gradients generated by 
biprotic anqpholytes or moiuTvalent buffers (11, 12}.. The assumptions 
mentioned were eliminated in our model based upon relationships describ- 
ing the electric field, the diffusional current, the components' chesd- 
cal equilibria, and the mass tremsport resulting from diffusion and 
electromigra tlon . ^Rds model is capable of accepting the characteristic 
electrochemical properties of constituent ions, including differences in 
mobilities of the positively and negatively charged species of each 
ampholyte. The theory has permitted us to carry out extensive conputer 
simulations of lEF. 

II. BASIC CONCEPTS 

The model for the steady state in an lEF system with L biprotic 
aspholytes (A^}. has been described in detail (11, 12}. At present, %#e 
only wish to show the underlying basic concepts: 


Dljuoclatlon R»ctiw 

usual fotssilatlen Is ss^loysd. Ths constant charactsrlsss 
tha dissociation of watsr and can bs rsprsssntad by the relation 

*W " 

uhlls the dissociation of biprotic opholytss la given by the equilibria 




[A°] IH'*'] 

lAj] 
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IA~]IH*3 

tA®l 


tdiere and K ^2 dissociation constants. 

Diffusion and Electrosdqration 

2 

The flux F (nole/a s) of the i-th species cacused by electromigratlon 
and diffusion is given by 




(3) 


idiere e is the molar charge or Feuraday constant (96500 Coulcad>s/tele) , 

2 2 o 

^ - potential (V) , R - universal gas constant (8.314 kg.m /s .^K.mole) , 

T - absolute tenq>erature C°KL, X - distance from one end of the column 

2 

(m), and - mobility coefficient (» /V.»l, - valence, - concen- 

tration (mole/m^), of i-th species. The Einstein relation between 
mobility coefficient (H^l and diffusion constant (D^3: 

“i ■ r ®i 

shows how equation (31 is derived. 
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CMwrvtlon of Mm 


Th« law of naaa TOnaaxvatlon of i-th apacloa in tha abaanca of bulk 
flow la: 


3M. ar. 

at--- 


(4) 


:i^ara danotaa tha rata of production of tha 1-th apaciaa taola^^.s), 
and t is time (a). Ihe nat production of 1-th ampholyte la zero, l.a.« 
the sum of R^ for the three possible apaciaa of each ampholyte, defined 
in equation 2 , is equal to zero. 

Conservation of Charge 

There is to nat production of charge at ai^ point of the column, 
except at the electrodes, and this can be written as 

3L+2 

e £ z. R. - 0 (5) 

i-1 ^ ^ 

Electroneutrality 

Eleetroneutrality can be aasurod on the relevant physiol 'scale and 

is given by the relation 

3L4-2 

£ z, M. ■ 0 (61 

i-1 ^ 


111. COMPOTER SmOlATION 5TDDIES 

CoB^ter simulation of lER requires the input of the physical 
dimensions of the column, the applied current and the mobility coeffi- 
cients amd dissociation constants of the cenqponenta. The cooqputer 
output includes the concentration profiles along the column axis of all 
species of all con^nents, including hydrogen and bydrozyl ions, the pH 
profile, as well as the £u:ofiles of conductivlly and potential. Rather 


than daserlblng in datail all tha aiaulationa, aena of i«hleh wara publiahad 
(11« 12), wa with to praaant only tha ganaral apj^roach utllia^. 

Siaalatlon atudlaa %»ith Idaaliaad anpholytaa 

I4teallaad aq^lytaa ara hypothatloal coqpoonda tddch hava bean 
aasignad arbitrary ■c^lllty eoaff iclants and dlsaeolation eonstanta . 

Our modal haa pazaittad tha atudy of tha affacta of a ayataaiatic varia- 
tion of each paramatar, taken ona at a time or in concert. The para- 
BMtera which have been Inveatigated ccaqprlsed all of the input variablea 
liated above. In addition, cwo atudiea have been carried out %diich are 
of particular Intereat to the asperiaientallatt 

l.The effecta of varying the apread between the iaoelectrlc pointa 
(dpi) of an^holytea at conatant dpK. Three binary mlxturea were conpared, 
with dpi of 0.5, 1 and 2 pH unite, asametrlcally dlatributed around pH 
6.5. The ai^holytea ware aaaigned a dpK - 2, and nobilitiea of 3.0 x 
10*^ ca^A*a. 

ii. The effecta of varying the apread between the diaaociation 
conatanta of the anpholytea (dpKl at conatant dpi. hgain, three binary 
mlxturea were collared, with dpK of 1, 2 and 4, at dpi of 1, the other 
electrophoretic parametera remaining unchanged. 

Simulation atudiea with real anpholytee 

Simulationa with idealized ccn^oonda have ahown that comparable pH 
and total anqpholyte concentration gradienta are obtainable from a hypo- 
thetically infinite number of ampholyte paira, by varying the dpK. 
Significant dlfferencea were aeen, however, in concentration profiles of 
charged species, resultlt^ in variations of conductivity ;*nd potential 
profiles. Certain rules for matching components in binary mixtures were 
formulated. Unfortunately, in practice only a very limited number of 
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WBpholytM «r« «vallabl«, aalnly amino aolda and di- or tri-paptidaa. 

Evan fawar ara tha nuabar of aa^iolytaa for which raliabla data on 
diasoeiation oonatanta and mobility ooaffioiants ara raportad in tha 
litaratura. 

A larga n«bar of aiaaalationa has baan earriad out with two and 
thraa coaponant mixturasr using tha awmilabla litaratura data. Siaula- 
tion ratvaalad sobm intarasting and Intuitiwaly ui^adietabla facts. For 
axanplSf simulated focusing of a mixture of aspartic acid (pK^ • 1.88, 

PK 2 “ 3.65, pi ■ 2.76, mobility • 3.23 x 10~^ cm^A>>l uud m-aminobansoic 
acid (pK^ “ 3.12, pKj ■ 4.74, pi • 3.93, ability ■ 3.01 x 10~^ cm^/V.a) 
gave nearly linear pH gradients and tha concentration profiles ware 
quite sysawtrical. Thus, they saamad to meat tha raquirssMnts for a 
useful aaqpholyta pair for aatpsrfaaantal focusing. Quite different results 
ware obtained, however, if m>aminobansoic acid was replaced by glutamic 
acid (pK^ ■ 2.19, pKj » 4.25, pi ■ 3.22, mobility ■ 2.97 x 10”^em^/V.s) , 
even though their electrochemical parameters appeared rather ccsiparabla. 
With this pair, simulation predicted that the concentration of glutamic 
acid goes through a distinct maximum, falling off towards the anode. 

Such studies have proven the usefulness of our model for the selection 
of ampholytes for the establishment of useful pH gradients. The following 
general rules can be formulated: 

1. To obtain near linear pH profiles, coe^onents should be chosen 
having a dpK in the range of 2 to 4 and a dpi of about 1 pH unit. 

2. Obviously, any dissociable groiqp %fill buffer only within ap^iroxl- 
amtely one pH unit on either aide of its dissociation constant. In the 
focusing of a pair of asqihol^tes, only the basic group of the more 
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Mldlo uipholyt* Md th« Acidic group of the 9or# bMio aaqiholytA will 
AXATt A buffering effect within tiie pR renge defined by their dpi. 

IhuB, it is Inportent thet the difference between the pK^ of the ecidic 
cepponent And the pX^ of the aore besic cesyponent be less than 2 pR 
units. The inportence of this factor, to which we refer as the cross- 
dpK, was not previously realised, though it can be easily understood, 
once revealed by siaulation. 

IV. DISCPSSION 

Ihe developeient of the mathematical model of lEF, briefly presented 
in this report, is of more than acadsBic interest f<ur our project. In 
fact, we consider it essential for the developsMnt of the te^molo^ of 
peptide and protein purification by lEF. In analytical IRF, the pR 
gradients are generated by chsoically ill-defined buffer mixtures, 
available in cossoerce under a variety of tradexMnies, such as Anticline. 
These are unacceptable in preparative work, as they result in product 
contamination . 

The prediction of our siaulations were verified in namerous eaqperi- 
ments on focusing of albanin-hemoglobln mixtures, fractionation of snake 
venc»s, human hemoglobins, milk whey proteins, synthetic ACTR hormones 
and others. In mai^ oases, the resolution achieved with these coagwiter- 
selected buffer cooponents was actually better than that obtainable in 
Amphollne. Nevertheless, for general analytical purposes, Aa^oline-llke 
buffers have the advantage of linearly covering broad pH ranges. At the 
present time cosiputer-derived buffer systsms have to be custen-optimised 
for each protein to be separated, eventually, as store et^erience is 
gained, this limitation isay be overcome. 
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H* im AtiO M. i. ccc< 

Biophytles Ttchnolo^y L4ber«tory, univartity of Arizona# tueson* 
Airis. dS7BX 


X H T H D O CCT I OM 

EXocBsofocusiftg is qvisrsXly rscoBnissd as a powarful aathod for ttia 
axuiysis and aieveBrayaratlva saparatioa and purification of varioiis bio* 
looieai mmt9rU*lm, includino protaias* paptidas# aueiaie acids# vlrusas# and 
avan soaa livixio coils. Aitheuoh it is a raiatiaaiy now varlaat aaoeg tha 
aiacuzopheratic tacbniquas* it has gainad widaspsaad aecaptaaea as a rasult 
of tha cooMreial iatroduetion of Aapholiaa# a buffar systaa that aiioas aasy 
astahiishsMiit of stabla ^ gradiants. 

Muawroua affocta haaa ba«i diractad toaard attgaaiiting tha aathodaiogy of 
aiaetrefoei»ii«i# and this litaratura has ba«i suiaiarisad in savarai rae«ie 
syti^Mia^*^. Za batch instrdsmits# gradiants ara usually stahiUsad by 
suerosa d^sity gradiaats or polyaccyUdida gals (PAOs) * Tha capacity of 
such iAStcunants is liaitad to about 1-10 ng/ca^ apparatus crMs*araa lor 
aaeh protaia fractim. Apparatus crMs-sactioa eaaaot ba aalar^d at will 
bacauaa of tha aaad to dissipata tha Joula haat gsaarstad by tha alaetria 
fiald. 

Thus# for la rga *ic al a praparativa ««rie» eantinyoua^floa iastruMots mop 
to ba assaatial. Uafortuaataly# Mntiauous-flow alactrofocusiag ia fraa 
Mlutioas ia plaguad by saaaga distortioRs of beuadarias of saparatiag 
aatarials ^uaad bys 1) tha parabolic nature of liquid flow through eonfiaad 
chaaaals dua to viscous drag <fIow is fastest through tha caatar of tha 
chaaaal and daeays parmboUeally toward tha waUsIx 2) alactroosaotic flow at 
the walls supariaipoaas a aaeond type of parabolie flow on tha liquid# ia a 
diraetioa nomal ta that of tha parabalic distortioa cauaad by visimityt 
1) dMisity gradients that arisa fron tha tsa^ratura and tasipla coficantratioa 
can cause convactlva flow of fluid# cooplataly disrupting tha saparsting 
boundaries} and 4) tanparatura gradiant from caatar to tha cooled walls of 
tha apparatus causa diffaraatial aigratioa rates. Thssa disruptive factors 
la eontiaueus* f low inatr.wnts have ^aa diacuaaad asMisivaly.^' ^ 

To ovareoiP thaaa difficulties la contiauoua-flow aXactrofocuaiag# 

4 

fiwcatt stabilised tha fluid flow by porous fupport or by sucrose density 
gradients, loth approaches gave cMipara^sis raaults# but tha throughput 
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oMalnwl with tithtr atthod wu llaitad to ahowt lOO-SOO of of pratoin 
Moplo por doy and woo thoraforo eonporahlo with that obtaHtahla In ttotie 
ayatoM. 

In thia ehaptar wa doaerlba a naw approach to fluid atahlUution and 
tneraaoad thcoufhput. stohiliMtien ia aehiawad by allowina tho pcoeooa 
fluid to flew unlfenaly thceuph an array of eleaaly ipaead filter alaaieata 
that are eriantad pamllal to tho aloetredoo and parallal to tho diraetian of 
flow. Thia toohni^ua aaaav to e v o rc ena tha najer diffieultiea of paraboUe 
flow and alaetreoeaoaia at tha walla, while it llaiita tha eanwoetian to tha 
ehaabar ai ihpn a p i rr na n ta that are defined ay ad)aeant apaeara. Incroaaod 
throoabput ia aohiawod by coeireulatiaf fm preeaaa fluid thaoofb antomal 
haattnehanfo raaarvoira. where tho Jeulv heat ia diaaipatad. In neat other 
n a th o da , it ia tho raquiranant for heat diaaipatian that liaita tho aiso and 
capacity of tha inatrwMota. In each paaa th r e uph tha foauaii^ apparatua. 
only a partial ahift toward awontual oquilibriun foeuaii^ ia atiiiawod, but 

threufh rapaatad racycltof a final ataady atata ia ohtainad. Hata, thia 
approach to Lac fa- scale saparatlen lo paoaible only with a foeuaiaf toeteiqua, 
and net, £«r inataaea. «Ath aona alactrophoraaia. where ao atabla and point 
ia ra a eh ad. 

way cypoo of nanb ran i or fUtar-aabdividod alactreptwraaia Inarnwna 
hawa boon dae cr i b a d . Early waraioaa haao boon pro poea d by TfeoeraU,^ 
naaUtta.* and othnra. and thia Utaratuca baa boon rawiaw a d in dotaila.* h 
nwa meant aw«atua, spaeifieally daaiynad for aloetrefoeuainf,^ -ntalntd 
wnya to cool each iu b a anp artn a nt intamally. Ml of thaao inatnaaento wore 
dcaifnod aaaa n ti all y fw bateh-cypa opwMlan— i.a.. aU fluid to bo a^yaratad 
ia ftmt a in od within tho a p paratua. Thua. mlatiwaly larya int«aal welunao 
wora myuirod. In tho praaa nt app a r atuc.- it ia admn tayaeua to Mainiaa tha 
iatacaal veluna of tho apparatua by radnrrlnf; tho spaaa bamaoa ■aj a po wt 
filtara aa aoeh aa pooaibla. 

Tha pr a a a n t apparatua baara e loaaa t roaaablaaea to tha apparatua uaod for 
feread-flow alMtrophotooia.^' ^ wham tha sana priaeipla of aatornal 
cu cli hf i* uaad. In feread-flow al actroph o r aaia, a array of nan- 

branaa and flltam ia uaad. and only a ainpla iaealactric fraction ia obtained 
by erooa-flew alaotrepheraaia rathto than oquilibratien. 

APPhMTDS ARC ME7E0M 

The asaantial faaturaa of tha foeuaiap apparatus am preaentad schaaw- 
tieally ia rifuro 1, (creaa-aoetional ?iaw). Tha apparatus has 10 input and 


J7 


t • i , 



ri9« i. ititf ^ws*M«tiaRAl 

viiM 9t tim foeusiaf tm 

yUaiyiaa tp a car a vita ialat ana 
oiftlat pms AM A Ap a rMAd tof fUCM 
■UtMWtA» and taitdtrictiad batv a aa 
and pUcM that c o n t ala faeaaaad 
alac t aa daa * HaMriaaa iMiaaa caa 
aiaetfoda roiyn'raanta fraa tha 
apaaara. 


patta eaaa ara l o aaaad aa ate appaaiaa aada af yiaaiflaa 
iapagaaad fpoa aate oahar toy filaar aliaaaaa* Tteaa fiXtapi hava to ailoiir 
fraa ftea af waata aad txana p ora of aa^UKM. At pfoa o aa te lira aaiaf 
poiyiviayi caiaaldo) liXtaao i^aa a noadnaX poceaicy of %Ut tea oahM cm* 
pa r adXa ai cro p oroua flXteaa oaiOd te oiuaUy voU oaod. tte fiXtor-^aeaa 

aaaoteXy la Uyteaaad teawo o a tea Plaalflaa aad plMaa# havaiaf a ocaaao d 
plaalaM oi acap o daa * tte aia otaa d a ooapaataoata aXao teat paaaa for raaia* 
cuXaaXte aXoctaroXytM aad ara aaparaaad teoa tha ipacaa toy paafi inaa» tteM 
OMteanaa timXd toa diffMraaa froa tte fiXaa**'. toac a o a a thay atoauXd iahitea 
fraa ^Xow of Xi^aid oa traaaport of aoXateo^ oatoaa thaa maXX X«ia* Two 
tvpaa of i f wfe rMoa tero aaadi diaXyaiap tapaMraaod ooXXuXoao aMtoraiiaa and 
Xm a actea ao aaateaaoa. Tte iaaa^aaX dlaanalana of tte teMM aad aXaetaado 
eavlaiaa aao 2 i 30 ea# lad aMh apaaar ia 0*3S ca ttoXolt* AXtteute mi tea 
'4aa^ cmXy X9 ^aaara fMa, Xt ia tevioita ttet aay mater «HiXd ba uaad* 
dapaadiap of tte neater of fraetimia teaxrod* Ttero ia aXao nettoXiif oriueaX 
aoout tte dtemaXmia of tte jpactrOf m«tpt that tteir araa ahauid te tept 
rithar Ur?# and tteir thieicaaaa aa mXi aa poaaitoXa* 
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fit* 3. of tho rooyeUi»f 9 Mt*«»a»«i 90 

soM^vom ATo caoM ^ briM eijml^timt and choir oormcs art f od by 
frobity CO Cho fdottoiof tpyosotiio dooeribod la riforo 1. a aoltiohamiol 
poriataicio pm^ rototaa aU cho floido to tho rooofwiro. FrM o ac iy «dor 
doooiopowtt U tho i o wo o r array aato—tod pd ond aitrooioUt ahoofytien 
ooaanroMita* Thio amy wiU ho iacorfaeod vith a OovUtt*pa^iard doak-tep 
eaXdoUcer data pUfttor* 


Oporation of tho oyotao ia hoot oaplaiaad hy 3. Tho fluid to ho 

foouood ia mhdividod ioto cho iadiaidoai fiaoo fo oo fiwoir o ooocaiaoC tfichia 
tho plaotic tmclooaro# throng %diii^ a d^c oooi.iaf hriao is roeireulatod. 
taoico oXaoa to oorooir o aro proooatiy uood# witli a capacity of 100 mi aaohi 
10 of tAom tooflcaiieato vith tho eorraopondiof filtor«dof laod ayhcoapiarf auto 
ia tha fecuaiaf ^poratus# and tvo rowmiioata ^th tho oloctrodo eoapart- 
wita. Tho fluid flo»^ hy fravity from tho rMorvoaro iato tho focuoiof 
apparatui and io roturaod to tho rooonmiro hy a mmltiffhaioiol poriotaltio 
pomp* PTMoatly nmdor eoootructioB io am array of pd ssd ultroviolot ahoorp 
tioa aottooro# vtiieti m plao to iaMrfoeo with a daah*top colouUcor for 
autoMtie data eolloetioa aad piMaihla faodhach eootrol* 7ioura 3 ia a 
photoor^ of tho ^poracuo. 
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g. 3. The aeat-excnanqe reser’/oira ind fccustng apparatus, 
ripnerai e^ruicment. 
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Th« ptrfomancs of this syston doponds* of course, on the perfomenee of 
the foctssing epperetus* ^e usual disturbances of boundary profiles in free 
solution c«itinuous* f low electrophoresis have been enumerated. In the pre- 
sent apparatus, the array of filters eliminates the problem of the parabolic 
flow profile due to viscous dra^, at least in t.he direction of the electric 
field. In fact, the filter array inpeses a s^iblanee of plug flow to the 
moving liquid, plug flow being characterised by equal flow velocity across 
the Mtire cross-section of the apt aratus. Better pl^ flow is theoretically 
obtained by porous stqpport media, but their pachinc is rarely uniform enough 
to allow rapid uniform flows. Experiisentally , we have also not been able to 
see any electroosmotic flow at the walls, by using visibly colored solutes, 
such as hemoglobin. The filters themselves do cause some electroosmosis,^^ 
but this is uniform across the whole filter area and does twt seem to be 
troublesome in the present mode of operstion. Because the cell is not 
cooled, there are no lateral temperature gradients within it, and the filters 
se«B to confine any density-caused convective flows to esch subcompartsiMt. 
Thus, the mode of operation of the apparatus does not seem to be affected by 
the insertion of turbulence-causing plastic grids into each subcomparemant. 
Obviously, however, no continuous pH gradient can be established, only a 
step grsdient across each filter. The magnitude of each step will depmd or. 
the number of spacers used and the pH range of As^wline used to make up the 
buffer. The perfonunce of the apparatus is also relatively independ^t of 
the flow-through velocity, which is maintained rather high (about 10 ml/min/ 
channel) to minimise heating of the process fluid in each pass. 

Two modes of operation are possible: either the sasnple is added %rith the 

desired Ampholine immdiataly at the start of the focusing experiment, or 
the Ampholine is prefocused, and the resulting pH gradient is determined. 

The sample can then be added to the reservoir of the desireo pH value, thus 
avoiding exposure of the sasple to ex t r eme pH values. This second mode of 
operation also decreases the time of sample processing because the buffer has 
been prefoeused. During the run, aliquot samples car be withdrawn and the pH 
and concentration profiles can be determined. When stabilisation is reached, 
the fractions can be collected by disconnecting the return lines from the 
heat-exchange reservoirs, and redirecting the flow into appropriate reser- 
voirs, without interruption of the electric current. Monitoring of the pH 
and c(xicentration changes will be greatly facilitated once the automated 
sensor array is fully developed. 
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RS8U£TS 

Th« pwfonMilc* of th. «pp«r«eu« can bast ba docuaantad usin? colotad 
protains, such as ha«x,iobia and alb«i„ .^ainad with broiaph«,oi blua. Tha 
aaquaoea of avants is show is Flyura 4. Tha Aapholiaa solution (2 ad 




blua * ?hotooriphs showing tha introduction of a aiixtura of 

hajsogiobin into a central reservoir, and its sub- 
sequent stages of separaticn sc 3:-, so-, and l20-*in rec*,-eiir.o ‘isies 
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I 

AnpholinSf pH 3.5-10) was prefocused for 2 hr in the apparatus, and the mixed 
j henoqiobin-alb\inin solution was introduced into a central reservoir. The 

m sequence of photographs shows the progressive seraration of hernaolobin and 

stained albumin as rec./cling is continued. Visibly stable conditions have 
I been achieved within 120 mm, at a constant 200 V. The starting current is 

about 100 mA, gradually decreasing to 19 mA at the end of the run. Thus, 
with a focusing time of 4 hr and a sample focusing time of 2 hr, a total of 1 
liter of fluid containing 0.4 g each of albumin and hemoglobin has been 
separated. 

This separation aas been repeated by avoiding prelocusi.ng of Airpholine, 

I and the apparatus was initially loaded wit.h both Ampholine and the two pro- 

teins. Essentially identical protein distribution was obtained wit.hm 2 hr 
of focusing. Figure S shows the pH profiles obtained with the prefocused 
Ampholine alone and in the above two runs. The data show the good repro- 



Call ♦ 

I Fig. 3. Profiles of pH values in the 10 reservoirs obtained by; 1) pre- 

focusing the 3.5-10 ?H range Ampholine, 2) refocusing the mixture of albumin- 
hemoglcbm, and 3) fccusing the same mixture of Ampholine and proteins 
without Ampholine orefocusinc. 
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duoibliity of tho rMuita* md m do not know if thm «Mli difforoncM «c« 
couMd by artifacca or by tho aochod of opora^OA. 

'Hio abovo saparatioa la ramar trivial bacausa tha iaoalactrie poinca of 
haaoqlobin (ca. pM 7.4) and albuain (ca. pH 4.3) ara so disparata. for oora 
critical saparaticna# wa adoptad a solution of dialytad ag? vnita^ froai which 
all protama that pracipitata in distillad vatar wara aliaiaatad by cantarifuga- 
tion. On analytical gal alactrophoraaia* thia protaia nixtura shows a main 
band at about ^ 4.3, corraaponding to ovalbumin# and a saraaa of othar minor 
bands artanding to pH 7.0. A sharp lysoayma band is also saan at pH 10. 

Thia protain has baan snhmi ttad to focusing# at a concantration of 2g/litar# 
in Ampholina amiHiolytaa of various pH rangaa* Tha raaulta ara shown in 
Figuraa 6-9. Tha cop part of aach diagram raproducas tha pattaras obtainad 
on analytical focusing of aach fraction in PAGpIataa using tha broad-ranga 
Ampholin a (pH 3.S-10) aa wail as tha pattams obtainad with ths original 
protain aixtura. Tha bottom diagram showa tha pH profila and tha protain- 
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fig. 6. focusing of dialyted «cg-whice protslns in Ampholina# ?H 3.S-10. 

Tops analysis of cha fractions in tolyacr/iamido gel plates, tha two axcremas 
showing tha original protein sompla. Sottom: pH profile and protein distri- 

bution in the 10 reser'/oirs. 
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srvfVMi: to 

Fig 9. Focusing of disiysod «gg*%rhico prottins in Aophoiino, pH 4,3«S«2. 

The Asphoilno wltH this pH rings yss prspsr^ from i brosd*riAgs Affphoiins la 
ths fociAsing ippsritus. Ones irs prsssatsd is in rigors 6. 

distribution profils ia ths 10 frsetloas. Tbs pcotsin^distrlbutioa profiis 
has bssn dstssainsd spsctroph oto i tricsiiy it 2S0 na* 

Ths data eisariy show that sxcsllMt ssparation of som niaor feeuainq 
bands has bs«i obtainsd by rseyciinq foeuaiaq# osinq ths sans proesdorsa is 
dsscribsd abovs for libunin-hsnoqlobin* Ho assignsMat of bands to spsciflc 
known sqg^whits pcotsins was ittsaptsd* As sxpsctsd* ths shailowsr ths pH 
profils, i*s«, ths narrofMr ths pH rings of As^heiias chossn, ths bsttsr ths 
ssparation. Ths data also show chat with aarcew^baad As^tolins, ths sntzms 
rsssrvoirs# i.s.» thoas clossat to ths two slsctrooss, laeips proper pH 
control ind irs nors acidic and basic than covsrsd by ths Anpholins rings. 

Of pirticuiar importoncs is ths expsrimsnt rspr^uesd in Figurs 10. Ths 
focusing was ittsfRcted in ths comp lots ibssncs of any Ampholins or othsr pK- 
stabilizing bufftr systsm# othsr than ths protsin itsslf. Ampholins mphoLytss 
irs vsr/ sffieisnt for stabilizing ths pH gridisnt but havs sons undasirabls 
pre^srtits, principally la thsy rsault in ths contamination of ths final 
product with this product of ^jnctrtiin composition. Thsir cost is also 
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rig. 10. Focusing of dislytsd sgg-^hlts protsins in thm sbssncs of isnhollns 
or sny other buffer* except the protein itself. Dete ere presented, es in 
Figure 6. 


prohibitive for truly lerge*scele industriel epplieetions. Thus* it is 
signifieent to heve et Xeest sone degree of teperetion in the eosg>lete 
ebsenee of sny buffer system. 

OI8CUSSZ(^ 

A new method for lerge-scele electrciocusing hes been described* besed on 
recycling continuous flow* with stebilisetion of the fluid flow by filter 
elements. The e^eretus is eepeble of lerge*scele epplicetion bees use the 
throughput is independent of the cepecity of the focusing epperetus end 
depends only on the size of the heet-exchenge reservoirs end the time given 
to recycling. Obviously* if one wishes to minimize this time end to increese 
the throughput beyoiid thet described here* lerger-filter cross* sections 
should be used. With the present eross*seetion of 10 ea^* rapid focusing of 
1-liter voliams hes be^ d«nonstreti^. Za e prelisdnery experimsnt using 
membrene trees of 100 cm^* S litsrs of hmnoglobln end elbusdn mixtures were 
focused in sn overnight run. The present epperetus gives only 10 frsetions* 
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but thit can ba iaeraaaad aMiXy by iaertaaing tha maabar of tpaear* 

filtar OMbir.atioiis# 0afiaiii9 aaeii tubcoapart&Mt# laO corraap^idiiigiy 
ineraaaiao tha nuabar of raaarvolrs. wa ara praaantly in tha prooaaa of 
aaaaatoUng a xa*coapart»«at apparatus for aora eritieaX taparationa* 

Obviously* hara va havfi not fully 4 o cuai a n tad tha uaafulaass of this 
^aratus* Wa daliberataly usad mly procaias that do not praeipitata at 
thair isoalaetric point. Such praeipitatioa aay prova to ba disastrous in 
tans of fouling up tha filtars* clogging antxy and axit ports* and so forth, 
ua also do not know what offset tha alaetrooaaotie flov oausad by tha filtar 
alaiMnts ^11 hava on tha raaolutioa. Thara la also a significant daasity 
gradient across asch filtar alaoant if large diffemcas in protein ctmeantra- 
tion ara obtainad in adjaeoat coiwpartaian ta» as thoim in tbs hsooglobin* 
altwarin saparacions* w* do not know tha waxiaua cneantration differentials 
that can ba tolerated* and in sooa agg^hita axparinaata tha ^leaneration in 
individual cszpartaants axeaadad 1%. It ia sxpaetad that this would eauso 
soao gravitational instability and convective flow across tha filtars* as 
obtained ia slsctrodacantation and forced*- flew eiactrophorasis. Both of 
those problem* i.a.* precipitation of isoalectrically insoiiibla proteins and 
gravitati^ial flow across tha i nea fa rsnas * aay bo allaviatad in a gravity«fraa 
anvirmsMt* such as in orbiting spaeoeraf t. 

Carga*sealo preparative use of alectrofocuaing is also ceaplicatod by tha 
present naeassicy of stabilisatii^ pH gradients by Aapholina asipholytas. 

This step raguiras subsaguant separation of Mspholino fron tho purified pro- 
duct. With proteins* tha separation can be done by chronatogrephy on S^hadax* 
but with aealler peptides* such separation nay not be possible* The tepem- 
tion done in the absence of AaplwiiAe or any other buffering agent except the 
protein itself* nay represent one possible approach. We are now studying 
other approaches* based on establishaant of pH gradients by amino acids and 
peptides* sesewhet al^g the lines previously used in isotschophoresis. 

Prellminar/ iota on the theoretical distribution of those coeipouAds in an 

16 

altctric field are the subject of a separate paper by Allr/er at aX. 

It is evLient that replocenent of Anpholine with other buffering agents 
will require extensive experiaiMtaX work to eetablish pH profilos and thoir 
stability, '^.us* we are developing an array of pH and w absorption SMsors, 
These will ha used with a Hewlett-Packard desk-top calculator and X-Y plotter 
for autonatsi rapid lata collection and possible feedback centr'^i. We feel 
confident that the ieveiopmnt of this complex system will permit optimisa- 
tion of Che ."recess in an efficient mnner. 
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AXthoufh th« pottibility of «XiiiifuitlA9 Anpholin« M^olytts still ruMins 
to bs provod# ths method has the distinct advantscs of at least avoidinf pos* 
fible trace c^taminanta arising from the use of density ^radi^t^formino 
additives « porous support media* or polyacrylamide gels* none of which are 
needed in the present system. The throughput of the apparatus can probably 
be increased to conMreially meaningful quantities. 
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Introduction 

Isoelectric focusing (lEF) is ^erally recognized as a powerful 
method for the analysis and micropreparative separation and purifica- 
tion of proteins and larger peptides. In this paper we wish to report on 
our multidisciplinary effort to develop a new system for preparative lEF 
potentially applicable to large scale purift^tion of peptides. The core of 
the system is an apparatus based on a new recycling principle*. The 
solution to be fractionated is continuously recycled between a multi- 
channel heat-exchange reservoir and a multichannel focusing apparatus. 
Fluid flow through the focusing apiMrattu is stabilized by a parallel array 
of filter elements which streamline the flow of fluid and eliminate the 
problems of boundary distortions commonly observed in other types of 
continuous flow electrophoresis instruments. Joule heat is dissipated in 
the heat-exchange reservoir, rather than the focusing apparatus itself. 
This eliminates the throughput constraints inherent in other types of 
electrophoresis instruments and virtually unlimited quantities of sample 
can be processed. 

The apparatus has been complement^ by automated data collec- 
tion sensors which periodically monitor the pH and ultraviolet (UV) 
absorption in all recirculating charmels. These sensors are interfaced with 
a Hewlett-Packard desk top computer and plotter which provide real- 
time data outputs. 

The usefulness of preparative lEF is at present limited by the need to 
employ Ampholine for the establishment of stable pH gradients. This 
results in product contamination with this ill-defined buffer. Several 
attempts have been made to develop stable pH gradients using well 
defined buffer systems^*^, but none has yet b^n quite successful. Our 
approach to this problem is guided by computer simulation of the 
isoelectric process using an explicit theory of lEF developed in our 
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NEW DEVELOPMENTS IN ISOELECTRIC FOCUSING 



Fi|. I. Recycling itceiccinc focuiing apparatus ( RIEF). 


laboratory*. Careful choice of two or three ampholytes, typically amino 
. acids or dipeptides, will generate stable gradients over a narrow p H range 

> overlapping their isoelectric points Several such buffer systems capable 

of giving useful separations are in current use. 

.Apparatus 

A modular approach was taken in the design of t.he lEF system, as 
shown in Figure 1. The photograph illustrates a separation of two 
colored proteins, albumin blue stained and red hemoglobin, narrowly 
confined by the focusing process to two channels of the heat-e.xchange 
I reservoirs. The components of the system are represented schematically 

in Figure 2. The system can be envisaged as being composed of two 

( interlinked parts. 

The Recycling Isoelectric Focusing Apparatus ( RIEF) — comprises 
the essential components for the focusing process: 

1 
! 


go 
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2. Tlie focttstng cell conitsu of a number of narrow channels separ* 
ated from each other by niter elements, the purpose of which is to 
streamline the flow of liquid through the cell. The cell comprise two 
plastic end plates with recessed platinum electrodes be t w ee n which any 
number of spacers can be assembled. These spams have an internal 
cavity of 20 x 2 x 0.2 cm, coextensive with the etemrodes and have meahs 
for attachment of input and output tubing, Neitto* the chemical nature 
of the niter elements nor their porosity is critical and a variety of filters 
are being used. In the proem ap^ratus, we use arbitrarily an assembly 
of ten spMers, corroponding to the ten sample tubes in the r eserv o i r. The 
spacer assembly is separated from Um etectrode compartments by ion- 
exchange me mbranes to avoid mixing of the sample with the anode and 
cathode etectrolytes. TIm etectrical transport is traiuversal to the 
downward flow of the fluid and in every pass through the cell only a small 
drift of solutes across the filters will suflio to gradually esublish final 
equilibrium distribution of all components. 

3. A multichannel perisultk pump with a planetary gua drive is 
used for the recirculation of all fluids. The pump controller permits tlM 
regulation of the flow to about 10 ml /channel /min and the direction of 
flow is reversible. 

The M^ptexed Electro^ Data Acq^MM Syrtem (MED AS) is 
not an esKntial part of the focusing system, but was desisted to fadliute 
dau acquisition with the RIEF apimratus. It is not within the scope of 
this article to describe the design and constniaion of this part cd the 
apparatus', but it will suffice to mention that it is capabte of mttsuring 
periodically the UV absorption and pH in all flowing channeto the 
RIcF apparatus. MEDAS is under tM control of a Hewlett-Packard 
Model 9825A desk top computer, which receives raw dau from the 
MEDAS interface at preset time intervals, converts tluse raw dau into 
optical density and pH units, performs a variety of sutistick.' analyses, 
provides printouts of dau in real tinu. and stores tium on a magnetic 
upe for future manipulations. In addition, tte computer is interfaced 
with a Hewlett' Packard Model 9S72A x-y plotur, which is programnud 
to graphicalty display tlw pH. UV, current ami statistitti evaluation of 
pH ai^ I'V dau in three separate plott. as is shown in Figure 3. 

MEDAS can also be u^ for feed-back control of the se|uratioo 
process, as the pH gradient in the system can be manipulated by the 
addition or withdrawal of buffering components in the recycling appar- 
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atus. Withdrawal of Ampholine from either or both of the two extreme 
subcoirpartments of the RIEF apparatus will result in a progressive 
flattening of the pK gradient. The computer can be programmed to 
establish or maintain a desired p H gradient, by relay mediated control of 
infusion pumps. Alternatively, if the mixture contains a major compo- 
nent sensed by tne UV monitor, it can be made to focus into a desired 
channel, by similar buf r manipulations. 

Operation 

The computer is programmed to instruct the operator in the proper 
sequence of operations and requests [Mrtinent data for entry into its 
memory. The monitors are calibrated first with a buffer of pH 7 with no 
UV adsorption, followed by a buffer of pH 4 with an OD of approxi- 
mately 1. The scaling factors are automatically computed and stored in 
the computer memory for conversion of raw monitor data into OD and 
pH values. Each recorded measurement is actually the average of 25 
measurements taken at close time intervals (2 msec) and the complete 
cycle of 10 pH, 10 UV. and I current measurement (actually 525 mea- 
surements) requires less than 2 sec. 

Following calibration, the Ampholine containing solution (or mix- 
ture of amino acids as discussed later on) is introduced into the heat- 
exchange reservoir and circulation through the ceil established. Air 
purging is accomplished ''y brief reversals of flow direction at rapid flow 
rates. It is important to emphasize that all electrophoretic transport 
occurs only within the focusing ceil itself, across its filter elements. The 
p H gradient is also established within the focusing cell, by focusing of the 
buffer components. As the final equilibrium distribution of all compo- 
nents is independent of the starting distribution, the sample can be added 
to any or all of the channels in the heat-exchange reservoir. Nevertheless, 
it is advantageous to first prefocus the buffer alone, and then add a 
concentrated sample solution to one of the center channels. This avoids 
the exposure of the sample to extreme pH values, as the pH gradient is 
formed faster than the sample equilibrates, and minimizes the exposure 
of the sample. 

The progress of focusing can be followed by the cor ter printouts 

and graphic displays. Usually, a set of 24 measurements . preset time 
intervals is taken during any focusing experiment. Mostly. 2 h total time 
are sufficient, and the computer will take the measurements at 3 min 
intervals. At the end of the experiment, all channels are collected simul- 
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taneously by rechsnneiing of all flows into a test tube array held in an 
appropriate device. 

ftxause of the modular nature of the design of the apparatus, there 
is great flexibility in the number of fractions collected or volume capac* 
ity. The apparatus shown has only 10 channels, but this number can be 
increased or decreased at will. The volume capacity of the instrument 
depends mainly on the volume of the heat«excbange reservoir. The 
reservoir shown in Figure I has a total capacity of 400 ml and another 
reservoir of 1,000 ml is also frequently used. The focusing process has 
been carried out also at the 10 liter level, using larger spacers with an 
effective area of 100 cm^. 

Implicit in the focusing process is the desalting of the sample, all 
salts ending up in the two elearode electrolytes. Precipitation of some 
proteins insoluble at their isoelectric point may be avoided by the addi- 
tion of 8 M urea or various non-ionic detergents. 

Results 

The RIEF system is presently being studied for the separation of a 
variety of proteins and peptides, including glucagon and various syn- 
thetic derivatives, myosin peptides, synthetic ACTH, thymosin, cobra 
venom, hementerin, ^-MSH, add phosphatase, and others. Time will 
permit the description of only a few results. 



Ftf. 3. MEOAS plots documeming the septraiion of hemoglobin and albumin (see texit. 
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Figure 3 exemplifies a real>time MED AS plot obtained with two 
colored proteins, hemoglobin and albumin stained with bromphenol 
blue. Fractionation of I g total protein was earned out at 200 volts in 1% 
Ampholine, pH 3.5>10. Graph A shows 24 sequential profiles of the UV 
absorption across the 10 channels, taken at S min intervals. The first 7 
profiles were flat, this marking the prefocusing of Ampholine. The 
protein mixture was added in channel 5, as seen from plot 8, column I. 
The progress of focusing can be followed by scanning column II A 111. 
albumin finally concentrating in channels 1 & 2, hemoglobin in channels 
6 &. 1 . 

The solid line in graph B reconis the decr»se of the focusing current 
with time to a final value of 18 mamp. The dotted line illustrates the 
variance between subsequent sets of pH measurements, and the dashed 
line represents the same data for UV measurements. All three lines settle 
down to their minimum at about 70 min focusing, inclusive of p refocus- 
ing, which indicates the equilibration of the system. Thereafter, there is 
only a small cathodic drift, found in ail isoelectric focusing. 

Graph C plots the p H values as a function of time and shows that the 
p H gradient is developed within the 35 min of prefocusing, followed by a 
slow drift towards lower pH values. 




Fig. 4. RIEF fractiotwiion of fflyosin pepiMes. Myosin CNBr peptides. RIEF 1% Ampholine. 
pH 3.5-7. PAG 2^ Ampholine pH 3 5-7. 2, 23/ 79 
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To assess the resolution achievable, more complex systems are 
necessary. Peptides obtained by cyanogen bromide cleavage of myosin 
(250 mg) were fractionated in 400 ml of 8M urea, with 2 ml each of 
Ampholine, pH 3.5*5 and pH 5*7. Figure 4 shows the analytical gel 
patterns of the 10 RIEF fraaions and of the original mixture. Excellent 
resolution has been obtained with only minor overlap of components 
between subsequent fractions. 
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Fig. 5. RIEF fractionation of cobra venom. Cobra venom. .Agkistradon Halys BlomboTu pH 
4.^.5. PAG lEF pH 4-6.5. 4 15 79 


Figure 5 presents comparable data for the f ractionation of 250 mg of 
cobra venom in 250 ml distilled water containing 4 ml Pharmalyte. pH 
4-6.5. The pH values of the ten fractions were 4.09, 4.3 1 . 4.54, 4.78, 5.04, 
5.37, 5.69, 6.01, 6.56, and 7.42. Phospholipase activity was associated 
with the first two fractions, and the specific activity increased by a factor 
of 6.2. 
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Development of New Buffer Systems 

lEF requires the generation of stable pH gradients, usually achieved 
by means of synthetic mixtures of polyaminopolycarboxylic acids, 
commercially available under a variety of tradenames, such as Ampho- 
line. Pharmalyte, etc. While these are well suited for analytical purposes, 
they cause contamination of purified products in preparative applica- 
tions. Several authors^*^ have attempted to develop stable pH gradients 
using simpler buffer systems of clearly defined composition. 

In trying to achieve the same objective, we thought it necessary to 
first develop an explicit theory of isoelearic focusing of simple ampho- 
lytes describing their steady-state distribution in an electric fleld^. This 
mathematical model of lEF rests on the following basic concepts: 
(A) the concentration of component subspecies is defined by equations 
of chemical equilibria; (B) in the steady state, a balance exists between 
the mass transports resulting from electromigration and from diffusion; 
and (C) the condition of electroneutrality prevails in the physical scale 
of the system under consideration. From the classic relationship describ- 
ing these concepts and the values entered or dissociation constants of the 
individual components, their electrophoretic mobility, initial concentra- 
tion, and current density, the model computes the pH, conductance, and 
concentration of each component along the axis of an assumed lEF 
column. 

The model is too complex to be described in the present paper, but it 
has permitted the compilation of a library of simulated lEF runs with a 
variety of ampholyte mixtures. This is presently used as the basis for a 
rational selection of components for the establishment of stable pH 
gradients. These are being evaluated in three experimental systems: 
polyacrylamide gels, density stabilized columns and the automated 
RIEF apparatus. Separation of hemoglobin and albumin in the RIEF 
apparattis, comparable to that shown in Figure 3, is obtainable using 3 
component systems with glutamine and arginine or lysine as acidic and 
basic ampholytes and glycyl-glycine or glycyl-glycyl-glycine as the inter- 
mediate buffering ampholyte, all in the 2.5 to 15 mM concentration 
range. The pH gradient is not linear, but adequate for this separation. 
The proteins have to be added at the beginning of the fractionation and 
not after prefocusing, as otherwise the so-called conductivity gap pre- 
vents equilibration. 
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Narrow pH gradients are also 
obtainable, and in Figure 6 is shown 
the focusing of hemoglobin in a 
polyacrylamide gel containing only 
16 mM histidine (pi 7.54) and 16 
m M /3*alanyl«histidine (pi 8. 1 7). The 
resolution of the hemoglobin bands 
is comparable to that obtainable 
with narrow pH range Ampholine. 
(^her comparable ampholyte sys- 
tems are presently under investiga- 
tion. 


Fig. 6. Polyacrylamide gei focusing 
of hemoglobin in Ampholine*free buffer 
(see text). 

this paper represents a significant innovation in preparative lEF. While 
multicompartmented cells are among the oldest electrophoretic devices^, 
this is the first lEF apparatus in which recycling is employed. In this 
respect, it bears closest analogy to forced-flow electrophoresis^. Due to 
the modular nature of the apparatus, virtually unlimited quantities of 
proteins or peptides can be processed. Much remains to be learned about 
optimization of the separations, expansion of the pH scale by reprocess- 
ing of individual or pooled fractions in a second run across all ten 
channels, feedback control, etc. These studies are currently under way. 


Discussion 

The RIEF system described in 
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